A reporter open reading frame (ORF) coding for a fusion of bacterial ␤-glucuronidase (GUS) with a proteinase domain (Pro) derived from tobacco etch potyvirus was utilized for tagging individual genes of beet yellows closterovirus (BYV). Insertion of this reporter ORF between the first and second codons of the BYV ORFs encoding the HSP70 homolog (HSP70h), a major capsid protein (CP), and a 20-kDa protein (p20) resulted in the expression of the processed GUS-Pro reporter from corresponding subgenomic RNAs. The high sensitivity of GUS assays permitted temporal analysis of reporter accumulation, revealing early expression from the HSP70h promoter, followed by the CP promoter and later the p20 promoter. The kinetics of transcription of the remaining BYV genes encoding a 64-kDa protein (p64), a minor capsid protein (CPm), and a 21-kDa protein (p21) were examined via Northern blot analysis. Taken together, the data indicated that the temporal regulation of BYV gene expression includes early (HSP70h, CPm, CP, and p21 promoters) and late (p64 and p20 promoters) phases. It was also demonstrated that the deletion of six viral genes that are nonessential for RNA amplification resulted in a dramatic increase in the level of transcription from one of the two remaining subgenomic promoters. Comparison with other positive-strand RNA viruses producing multiple subgenomic RNAs showed the uniqueness of the pattern of closterovirus transcriptional regulation.
A variety of evolutionary dissimilar positive-strand RNA viruses employ the formation of subgenomic RNAs (sgRNAs) as a major strategy for gene expression (23) . The sgRNAs are normally formed via partial transcription of the genomic minus strand (5, 26, 29) . In the viruses producing multiple species of sgRNA, the kinetics and/or levels of sgRNA accumulation are transcriptionally regulated (e.g., see references 5, 9, 20, 25, 30, 35, and 36) .
The family Closteroviridae belongs to the Sindbis virus-like supergroup of positive-strand RNA viruses (13) . Large closterovirus genomes possess from 9 to 12 open reading frames (ORFs) (37) ; two of these ORFs (1a and 1b; Fig. 1A ) are translated from the genomic RNA, whereas the remaining ORFs are expressed via the formation of a nested set of sgRNAs (10, (16) (17) (18) 21) . A recent study of the kinetics of accumulation of four citrus tristeza closterovirus (CTV) sgRNAs revealed temporal control of CTV transcription (30) . In addition to sgRNAs, closteroviruses possess defective RNAs, some of which were proposed to originate via recombination between genomic RNA and sgRNAs (6) .
In this study, we utilized a prototype closterovirus, beet yellows virus (BYV), that possesses a 15.5-kb genomic RNA and at least six 3Ј-coterminal sgRNAs expressing ORFs 3 to 8 ( Fig. 1A) (10, 16, 31) . It is not fully established whether the expression of ORF 2 coding for a small hydrophobic 6-kDa protein (p6) involves the formation of an additional, seventh sgRNA species. BYV ORFs 3 through 8 encode an HSP70 homolog (HSP70h), a 64-kDa protein (p64), minor and major capsid proteins (CPm and CP, respectively), a 20-kDa protein (p20), and a 21-kDa protein (p21) (Fig. 1A) (1) . Filamentous particles of BYV are composed of a body and a short tail made of the CP and CPm (3) . It has been demonstrated that p21 is required for efficient amplification of BYV RNA (31) , whereas indirect experiments suggested involvement of the HSP70h in viral cell-to-cell movement (2, 19, 28) . The functions of p6, p64, and p20 are obscure.
To further investigate transcriptional regulation in closteroviruses, we used tobacco protoplasts transfected with RNA derived from a cDNA clone of BYV (31) . The kinetics of accumulation of genomic RNA and three sgRNAs were examined by using Northern blot analysis. In addition, gene expression involving the most active CP promoter and the least active promoters controlling production of HSP70h and p20 was analyzed by using a self-cleaving reporter protein. Since the reporter possessed ␤-glucuronidase (GUS) activity, very sensitive GUS assays allowed detection of gene expression at the early phases of viral reproduction. The combination of these two approaches allowed us to reveal the closterovirus gene expression profile and to compare this profile to that of coronaviruses, another family of RNA viruses producing multiple sgRNAs (25) . striction endonuclease sites AvrII and BstEII were incorporated into these primers.
To insert DNA fragments encoding two parts of the fusion reporter GUS-Pro into each of ORFs 3, 6, and 7, the three mutant plasmids were digested with ApaI and BstEII, whereas PCR-amplified DNA harboring GUS and Pro ORFs were digested with ApaI plus AvrII and AvrII plus BstEII, respectively. Ligation of the DNA fragments into the corresponding vectors resulted in generation of p65M-GUS-Pro-HSP70h, p3Ј-BYV-GUS-Pro-CP, and p3Ј-BYV-GUS-Pro-p20. Each mutant fragment harboring the GUS-Pro ORF fused in frame with ORF 3, 6, or 7 was cloned into the full-length clone as described previously (31) . The resulting pBYV-NA derivatives were designated as pBYV-HSP70hGUS, pBYV-CPGUS, and pBYV-p20GUS to indicate that the GUS-Pro reporter is positioned under the control of the BYV promoters directing expression of HSP70h, CP, and p20, respectively (Fig. 1A) .
The recombinant variant pBYV-GUS-p21 was engineered by modification of the pBYV-CPGUS. The DNA fragments from the ORF 2 start codon to the BamHI site at nt 13392 and from the AvrII site at the 3Ј end of GUS ORF 6 to the HpaI site at nt 14407 were deleted ( Fig. 1A and B) . As a result, BYV ORFs 2 to 7 were deleted, whereas GUS was expressed under the control of the ORF 6 (CP) promoter (Fig. 1B) .
Analyses of RNA accumulation and gene expression. The in vitro RNA transcription was conducted in 50-l reaction mixtures with SmaI-linearized plasmids and SP6 RNA polymerase as described previously (31) . The reaction mixtures containing ϳ50 g of the RNA transcripts were used to transfect, via electroporation, the protoplasts (ϳ4 ϫ 10 6 cells per transfection) obtained from a suspension culture of Nicotiana tabacum cv. Xanthi nc cell line DF (14) . Protoplast samples were harvested after 86 h of incubation at room temperature or at the times specified for time course experiments. The RNA samples were isolated by using TRIZOL reagent (Gibco-BRL), and Northern hybridization analysis was performed as previously described (31) . The 32 P-labeled single-stranded RNA probe of negative polarity was prepared by in vitro transcription by using T7 RNA polymerase and p3Ј-BYV linearized at the BamHI site (31) . The radiolabeled products were detected and quantified using a PhosphorImager (Molecular Dynamics) and ImageQuant, version 5, software package. Four independent protoplast transfections were conducted with each BYV variant in each experiment; means and standard deviations were used to compare the accumulations of the genomic RNA and sgRNAs.
GUS activity in protoplasts was assayed as described before (8) . Since the levels of GUS-Pro reporter expression driven by the ORF 3, 6, or 7 promoter were very different (see Results), these levels were expressed as percentages of the maximal expression levels for each variant. This approach allowed us to compare temporal activity patterns of the three promoters with the same scale.
Four independent transfections per variant were included in each experiment. Accumulation of the BYV CP in transfected protoplasts was examined by immunoblot analysis with a 1:1,000 dilution of the anti-BYV serum (a gift from Bryce W. Falk, University of California-Davis) as described before (12) .
RESULTS

Generation and characterization of the tagged BYV variants.
Although the complex regulation of closterovirus transcription has been revealed via Northern hybridization (16, 17, 30, 31) , the low abundance of some RNA species impeded comprehensive analysis of this process. For instance, the time course analysis of the CTV sgRNA encoding HSP70h proved impractical (30) , while the BYV sgRNA expressing p20 escaped detection (16) . To circumvent these obstacles, we tagged selected subgenomic promoters by insertion of a reporter ORF whose expression permitted sensitive and specific detection of the promoters' activities.
Reporter protein was engineered by fusing GUS with a potyviral Pro. The chimeric GUS-Pro ORF was inserted between the first and second codons of the ORFs encoding HSP70h, CP, and p20, resulting in plasmids pBYV-HSP70hGUS, pBYV-CPGUS, and pBYV-p20GUS, respectively (Fig. 1A) . This design permitted expression of the reporter and original viral product from a single expression unit. Autoproteolytic activity of Pro resulted in cleavage between GUS-Pro and the corresponding viral protein. This cleavage was efficient, since only the free form of GUS-Pro was detected in transfected protoplasts by using anti-GUS serum (data not shown).
In vitro GUS assays conducted at 4 days posttransfection (d.p.t.) demonstrated that tagged BYV variants expressed an enzymatically active reporter. As expected, the highest level of GUS activity was produced by CPGUS, the variant in which reporter expression was driven by the strongest subgenomic promoter. The levels of GUS activity produced by the p20GUS and HSP70hGUS variants were only 5.1% Ϯ 1.3% and 2.3% Ϯ 0.6% of that produced by the CPGUS variant, respectively, demonstrating very low relative activities of the p20 and HSP70h promoters. The background level of GUS activity in protoplasts transfected by the wild-type BYV-NA variant lacking a GUS ORF was less than 5% of that found for the HSP70hGUS variant (data not shown).
Kinetics of gene expression driven by the tagged promoters. The high sensitivity and specificity of the GUS assays permitted a comparative study of the kinetics of reporter expression in tagged BYV variants. Figure 2 illustrates the results of a typical experiment. The GUS activity induced by the HSP70hGUS and CPGUS variants was first detected at 1.5 d.p.t. In contrast, the p20GUS variant started to produce GUS only at 2 to 2.5 d.p.t. A comparative analysis over the 5-day period revealed that the earliest relative increase in GUS activity was produced by the HSP70h promoter, followed by the CP promoter and the p20 promoter (Fig. 2) . These observations allowed us to roughly classify HSP70h and CP promoters as early and the p20 promoter as late.
Accumulation of the genomic RNA and sgRNAs in wild-type BYV. The kinetics of accumulation of the genomic RNA and sgRNAs transcribed from the p64, CPm, and p21 promoters were compared by using the wild-type pBYV-NA variant and Northern hybridization analysis. Quantitation of the sgRNAs encoding HSP70h, CP, and p20 was hampered by the high background in corresponding regions of the membrane (see Fig. 6 ).
The input RNA transcripts detectable in protoplasts at time zero declined on day 1; then a gradual increase in genomic RNA levels due to replication continued until day 5 (Fig. 3) . The accumulation pattern of the p64 sgRNA followed that of the genomic RNA, although with a significant delay (Fig. 3) . Dramatically different temporal patterns were seen for the p21 and CPm sgRNAs. The relative level of the p21 sgRNA species approached its maximum at day 2, then declined, and roughly leveled at ϳ50% of the maximum (Fig. 3) . Similar kinetics were observed for the CPm sgRNA until day 3; at the later times, this RNA species continued to accumulate, approaching its maximum at day 5. The significance of a decline in the levels of p21 and CPm sgRNAs that was reproducibly observed at ϳ2.5 d.p.t. awaits further experimentation. Taken together, these data permit us to define p21 and CPm promoters as early and the p64 promoter as late.
To correlate the data obtained with the tagged and nontagged BYV variants, we analyzed the accumulation of CP directed by wild-type BYV. As illustrated in Fig. 4 , CP was detected at 1.5 d.p.t., increased until day 3, and reached a plateau at later times. This pattern parallels that of GUS accumulation driven by the CP promoter in the CPGUS variant for at least 3 d.p.t. Hence, comparison of Fig. 2, 3 , and 4 permits a conditional delineation of the two classes of BYV promoters according to the temporal control of their expression. The early promoters include HSP70h, CPm, CP, and p21, while the late promoters are p64 and p20. The maximal relative levels reached by the genomic RNA and sgRNA species are shown in Fig. 5 . Its comparison with the genome map (Fig. 1A) indicates no simple correlation between these levels and genome positions of corresponding sgRNA promoters.
Comparative analysis of the four BYV variants. In order to reveal effects on viral replication and transcription imposed by insertion of the 2.3-kb reporter ORF, we compared the wildtype and tagged BYV variants at ϳ4 d.p.t. by using Northern hybridization analysis. The levels of genomic RNAs and of the two sgRNAs derived from the CP and p21 promoters were quantified. Only these three RNA species can be confidently traced among the tagged variants (Fig. 6) . It was found that 3 . Kinetics of accumulation of the genomic RNA and three sgRNAs encoding p64, CPm, and p21 in protoplasts transfected by wild-type BYV transcripts. The RNA levels are expressed as percentages of the absolute maximum for each variant. Northern hybridization and a 32 P-labeled RNA probe of negative polarity were used to detect and quantify RNA species. The means and standard deviations from four independent transfections were used to generate the graph. insertion of the reporter ORF resulted in decreased accumulation of the genomic RNAs in the HSP70hGUS, CPGUS, and p20GUS variants (Fig. 6 and Table 1) . Surprisingly, accumulation of the sgRNAs was affected differentially. In the HSP70hGUS variant, the levels of the CP and p21 sgRNAs were close to those of the wild type (Table 1 ). In the CPGUS and p20GUS variants, the levels of the CP sgRNA decreased roughly proportionally to those of the genomic RNAs, whereas accumulation of the p21 sgRNA was affected to a lesser extent ( Fig. 6 and Table 1) .
To assess the impact of genome truncation on RNA amplification and transcription, we used a deletion variant pBYV-GUS-p21 derived from pBYV-CPGUS. This variant possessed only two of six BYV promoters: GUS was expressed by using the CP subgenomic promoter, while p21 ORF remained under the control of its natural promoter (Fig. 1B) . ORFs 2 to 7 but not 8 were deleted, since the expression of p6, HSP70h, p64, CPm, CP, and p20 is not essential for replication, whereas p21 is required for efficient accumulation of the RNA (31) .
Northern hybridization analysis demonstrated that the level of genomic RNA in protoplasts transfected by using pBYV-GUS-p21 transcripts was five times higher than that for the parental CPGUS variant (Fig. 6 and Table 1 ). This profound increase in replication can be attributed to the ϳ30% decrease in the genome size (17.8 kb in CPGUS versus 12.6 kb in GUS-p21) and/or to the deletion of four sgRNA promoters that could compete for the replicase with the origins for genomic RNA synthesis. Comparison of the GUS-p21 variant to the wild-type virus showed similar accumulation of the genomic RNA and p21 sgRNA, whereas the level of the sgRNA produced by the CP promoter had risen almost fourfold ( Table  1 ). The GUS activity in GUS-p21-transfected protoplasts can be reliably detected at 1 d.p.t. (data not shown), indicating that truncation of the genome resulted in an earlier expression from the CP promoter.
DISCUSSION
Tagging of the BYV ORFs by insertion of the self-processing reporter combined with traditional hybridization analysis allowed us to reveal a complex pattern of transcriptional reg- FIG. 5 . Relative levels of the genomic RNA and sgRNA species at their respective maxima. The protoplasts were transfected by the wild-type RNA transcripts. The sgRNAs are designated in accord with their coding specificity and presented in order from 5Ј to 3Ј (see Fig. 1A ). The levels of genomic RNA and sgRNAs encoding HSP70h, p64, CPm, and CP were determined at 5 d.p.t., whereas that of p21 sgRNA was measured at 2 d.p.t. Black bars show standard deviations. ND, not determined. Although sgRNA encoding p20 is visible on Northern blots, its quantitation is impractical due to a high background.
FIG. 6.
Northern hybridization analysis of the RNAs derived from protoplasts at 86 h posttransfection. The types of the RNA transcripts used are shown on the top. Four lanes for each variant correspond to independent transfections. The RNA probe was the same as that described in the legend for Fig. 3 . Positions of the genomic (g) RNAs and sgRNAs encoding HSP70h (hsp), p64, CPm (cpm), CP (cp), p20, and p21 corresponding to the wild-type transfection are shown at the left. WT, wild-type transcripts derived from pBYV-NA clone; int, intermediate-sized, probably defective RNA (6, 31) . Asterisks designate the background bands corresponding to plant rRNAs (31) . Note that the bands of the CP sgRNAs for the wild-type and HSP70hGUS variants overlap the band of smaller rRNA. The designation 4cp3 shows the position of the sgRNA derived from the CP promoter for the CPGUS and p20GUS variants. The designations on the right indicate positions of the genomic RNA and sgRNAs for the GUS-p21 variant; 'cp' corresponds to the GUS-encoding sgRNA derived from the CP promoter. The genomic RNAs and sgRNAs derived from the CP and p21 promoters are quantified in Table 1 . The sizes of the genomic RNAs are 15.5 kb for the wild type, 17.8 kb for HSP70hGUS, CPGUS, and p20GUS variants, and 12.6 kb for the GUS-p21 variant. The estimated sizes of the sgRNAs in the wild-type BYV (16) are as follows: 6.1 kb (hsp), 4.4 kb (p64), 2.6 kb (cpm), 1.8 kb (cp), 1.2 kb (p20), and 0.8 kb (p21). The size of the CP sgRNA in CPGUS and p20GUS variants is 4.1 kb, whereas the size of the sgRNA expressing GUS under the control of the CP promoter ('cp') is 2.8 kb. b Note that this sgRNA species derived from the CP promoter directs expression of the CP in the wild-type, HSP70hGUS, and p20GUS variants; in CPGUS it expresses the CP-GUS-Pro fusion product, whereas in GUS-p21 it expresses GUS. ulation in a prototype closterovirus. Comparison of the GUS expression under the control of three subgenomic promoters demonstrated earliest activation of the HSP70h and CP promoters and a delayed activation of the p20 promoter. Since the direct quantitation of sgRNAs expressing HSP70h, CP, and p20 was problematic, the utilization of reporter activity offered a more reliable approach for the analysis of these promoters' regulation. The potential drawback of this system, however, is the high stability of GUS that may result in masking the fine details of regulation.
Hybridization analysis of the remaining three sgRNAs revealed an early and relatively fast accumulation of the p21 and CPm sgRNAs in contrast to a much slower accumulation of the p64 sgRNA. Indeed, the latter RNA species reached 50% of its maximal level after 3 d.p.t., whereas p21 and CPm sgRNAs reached that level before 1.5 d.p.t. A decline in the levels of these two sgRNAs seen at 2.5 d.p.t. adds further complexity to corresponding patterns of temporal regulation. Although direct superposition of the results obtained with tagged and nontagged viruses would be incorrect, the same timing of product appearance driven by the CP promoter in the wild-type virus and in the CPGUS variant allows one to relate these two experimental systems. Hence, we can classify the HSP70h, CPm, CP, and p21 promoters as early and the p64 and p20 promoters as late. It is obvious that the order of promoter activation does not correspond to the order of the ORFs in the BYV genome (Fig. 1A) .
The pattern of temporal regulation of multiple transcriptional units demonstrated here for a closterovirus is unique among RNA viruses. Animal coronaviruses that also possess large RNA genomes and produce multiple sgRNAs exhibit no temporal regulation of the transcription (5, 25, 35) . It should be remembered, however, that the time scale of coronavirus reproduction is within hours, compared to days for closteroviruses. Among plant viruses producing more than one sgRNA, no temporal regulation was found for two sgRNAs of turnip crinkle carmovirus (36) . Strikingly, the plant tobamovirus that also expresses two sgRNAs does regulate the timing of their accumulation (9) .
What is common among diverse groups of positive-strand RNA viruses is tight quantitative regulation of subgenomic promoter activities. Several elegant studies have previously demonstrated the roles of the core promoter and additional elements located in adjacent regions of the template (e.g., see references 15, 20, 22, 27, 29, 33, and 36) or even on a distinct RNA molecule (34) in regulating transcription levels. Promoter strength was also shown to depend on the location of the promoter and the presence of additional subgenomic promoters (9, 35) . It seems that all these factors modulate closterovirus transcription as well. First, the CP promoter remains the strongest among BYV promoters even though its position varies among four analyzed variants. Specifically, the distance of this promoter from the 3Ј end of genomic RNA is 1.8 kb in the wild-type and HSP70hGUS variants, 4.1 kb in the CPGUS and p20GUS variants, and 2.8 kb in the GUS-p21 variant. Second, the activity of the CP promoter decreases in CPGUS and p20GUS but not in HSP70hGUS, likely due to the increased distance from the 3Ј end in the first two variants but not in the last variant. Third, the deletion of the adjacent promoters in the truncated GUS-p21 variant results in a dramatic activation of the CP promoter even though it is located farther from the 3Ј end than in the wild-type virus.
The ability of BYV to accommodate a 2.3-kb reporter ORF at different positions of the genome demonstrates its utility as a high-capacity gene expression vector. A potential advantage provided by a self-processing reporter is the production of a reporter and a viral product from the same expression unit that minimizes modification of a virus genetic makeup. Preservation of all genes and control regions in a tagged virus appears to be advantageous for studies of viral replication, assembly, and translocation (11, 32) .
